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ABSTRACT 
 
Macroinvertebrate-Driven Nutrient Recycling  
in Four Large Rivers 
 
by 
 
Matt A. Schroer, Master of Science 
 
Utah State University, 2014 
 
Major Professor: Dr. Michelle A. Baker 
Department: Biology 
 
The cycling of nutrients is a fundamental process in lotic ecosystems, and 
ecologists are increasingly recognizing the importance of animal communities and 
consumer-driven nutrient recycling to fluvial nutrient dynamics.  Despite growing 
evidence that animal excretion can supply limiting nutrients to primary producers in 
small streams, the importance of excretion is uncertain in large rivers.  Accordingly, I 
used three estimation approaches based on empirical measures and literature data on 
excretion rates to quantify areal ammonium (NH4-N) and phosphate (PO4-P) excretion 
rates from benthic macroinvertebrates, and compared these rates to areal ecosystem 
nutrient uptake rates measured using nutrient spiraling methods, as well as to background 
nutrient loads in four large rivers (Q > 10 m3 s-1) in North America.  Additionally, I 
compared the stoichiometric (N:P, where N is NH4-N) ratio of excreted nutrients to water 
column nutrient limitation to understand whether excretion by macroinvertebrates could 
influence nutrient limitation of phytoplankton in flowing water ecosystems.  Across all 
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three estimation approaches, macroinvertebrate assemblage NH4-N excretion rates ranged 
from 18.9 to 1070.1 µg N m-2 hr-1, while assemblage PO4-P excretion rates ranged from 
16.3 to 378.7 µg P m-2 hr-1.  Assemblage NH4-N and PO4-P excretion was equal to 0.7 to 
32.4% and 0.1 to 6.0% of ecosystem NH4-N and PO4-P uptake, respectively, and excreted 
NH4-N and PO4-P was equivalent to 0.5 to 62.3% and 0.2 to 5.5% of ambient NH4-N and 
PO4-P load, respectively.  Excreted N:P ratios suggested that excretion may be an 
important pathway in the alleviation of nutrient limitation for phytoplankton.  Compared 
to smaller stream ecosystems, in which animal excretion can supply >50% of ecosystem 
NH4-N demand, and also match > 100% of ambient NH4-N load, macroinvertebrate 
excretion appears to play a smaller role in ecosystem nutrient dynamics in large rivers, 
although excretion may contribute significantly in rivers with high animal biomass and 
low ambient nutrient concentrations, as for NH4-N in the North Platte in this study.  
(63 pages) 
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PUBLIC ABSTRACT 
 
Macroinvertebrate-Driven Nutrient Recycling  
in Four Large Rivers 
 
by 
 
Matt A. Schroer, Master of Science 
 
Utah State University, 2014 
 
Major Professor: Dr. Michelle A. Baker 
Department: Biology 
 
The cycling of nutrients is a fundamental process in streams and rivers, and 
scientists are increasingly recognizing the importance of animal communities to nutrient 
dynamics in these ecosystems.  Despite growing evidence that animal excretion (i.e. 
urine) can supply limiting nutrients to primary producers in small streams, the importance 
of excretion is uncertain in large rivers.  Accordingly, I used three estimation approaches 
based on past and new excretion rate data to determine nitrogen (N) and phosphorus (P) 
excretion inputs from insect communities in four large rivers (discharge > 10 cubic 
meters per second) in North America, and I compared these rates to both the total demand 
for nutrients by primary producers and background nutrient levels.  Additionally, I 
compared the ratio of excreted nutrients (N:P) to water nutrient limitation (N-limitation 
or P-limitation) to understand whether excretion by insects could serve as a potential 
source of limited nutrients to free-floating primary producers in large river ecosystems.  
Across all three estimation approaches, total insect community N excretion rates ranged 
v 
 
 
 
from 18.9 to 1070.1 µg N m-2 hr-1, while community P excretion rates ranged from 16.3 
to 378.7 µg P m-2 hr-1.  Across all rivers and estimation approaches, community N and P 
excretion was equal to 0.7 to 32.4% and 0.1 to 6.0% of total N and P demand, 
respectively.  Additionally, excreted N and P was equivalent to 0.5 to 62.3% and 0.2 to 
5.5% of background N and P levels, respectively.  Excreted N:P ratios suggested that 
excretion may serve as an important pathway in the alleviation of nutrient limitation for 
some primary producers in large rivers, although additional research will be required.  
Compared to smaller stream ecosystems, in which animal excretion can supply >50% of 
total N demand, and also match > 100% of background N levels, insect excretion appears 
to play a smaller role in nutrient dynamics of large rivers, although excretion may 
contribute significantly in rivers with high animal biomass and low background nutrient 
levels, as for N in the North Platte River in this study.  
(63 pages) 
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 INTRODUCTION 
Nutrient cycling is a fundamental process in stream and river ecosystems, and, 
over the past three decades, ecologists have increasingly recognized the importance of 
animal communities to freshwater nutrient dynamics (Granéli, 1979; DeAngelis et al., 
1989; Vanni, 2002; Vanni et al., 2002; Naiman et al., 2002; Hall et al., 2003; Hall et al., 
2007).  While animals can influence freshwater nutrient dynamics through direct and 
indirect mechanisms, excretion is one of the most explicit pathways by which animal 
communities in aquatic systems can alter ecosystem structure and supply nutrients for 
heterotrophic and autotrophic organisms (Vanni, 2002).  Past excretion studies have 
demonstrated that animal excretion can influence phytoplankton biomass (Findlay et al., 
2005), generate biogeochemical hotspots (McIntyre et al., 2008), alter the elemental 
composition of primary producers (Evans-White & Lamberti, 2005), and supply recycled 
nutrients to primary producers in lakes (Carney & Elser, 1990; Schindler et al., 1993) and 
streams (Grimm, 1988; Hood, 2000; Koch, 2005).  Despite growing attention to the 
importance of animal-derived nutrients in aquatic ecosystems, the significance of animal 
excretion to ecosystem-level nutrient dynamics remains uncertain, and is unknown, in 
large rivers (Benstead et al., 2010).  
As a major link between terrestrial and marine environments, large rivers 
represent a key vector for transporting and transforming nutrients (Alexander, Smith & 
Schwarz, 2000).  However, in spite of their significance to global nutrient cycles, rivers 
have received little attention ecologically compared to small streams, and current 
knowledge of their biogeochemical structure and function is limited (Johnson, 
Richardson & Naimo, 1995; Tank et al., 2008).  This neglect springs in part from the 
2 
 
 
 
logistical, physical, and methodological difficulties presented by ecological studies of 
large river systems (Davies & Walker, 1986).  Large river nutrient dynamics is an area of 
specific scientific concern due to considerable lack of research and data concerning the 
biotic and abiotic factors responsible for mediating nutrient transport and transformation.  
Although the concept of nutrient spiraling (Newbold et al., 1981) has been applied 
widely to wadeable streams, its application in understanding nutrient dynamics in large 
rivers has been greatly ignored.  
Due to unidirectional flow and the resulting longitudinal transport of materials, 
nutrient cycles in lotic ecosystems are best described conceptually as a spiral (Newbold et 
al., 1981; Newbold et al., 1982).  An important component of nutrient spiraling theory is 
uptake length, the average distance a nutrient molecule travels downstream prior to 
removal from the water column, which can be used to calculate uptake rate, or ecosystem 
demand, for specific nutrients.  Current riverine nutrient transport models estimate 
nutrient uptake either through extrapolation of data collected from small, headwater 
streams or through mass-balance equations, and ecologists and biogeochemists presently 
know little about the internal biotic factors that mediate nutrient uptake, transformation, 
and transport in large rivers (Ensign & Doyle, 2006; Tank et al., 2008).  Prior to research 
conducted by the NSF Big Rivers Nutrient Project (DEB 09-22153), only three studies 
had empirically examined nitrogen uptake in rivers with base-flow discharge (Q) >10 m3 
s-1, representing <1% of all nutrient spiraling studies conducted in lotic ecosystems (Tank 
et al., 2008).  Clearly, additional research is required to empirically measure nutrient 
dynamics in situ in rivers with base-flow Q > 10 m3 s-1 and to identify the contribution of 
biotic communities to nutrient fluxes and ecosystem demand in systems of this size. 
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Nutrients, primary producers, and macroinvertebrates are tightly linked in 
freshwater environments, making them an ideal study system for exploring how specific 
species and assemblages influence ecosystem-wide nutrient dynamics in large rivers 
(Elser & Urabe, 1999).  The concept of consumer-driven nutrient recycling (CNR), the 
recycling of assimilated nutrients back into the water column through excretion by 
animals, provides a promising mechanistic framework for examining how 
macroinvertebrates may mediate river nutrient dynamics through differences in ambient 
nutrient concentrations, excretion, and ecosystem nutrient demand (Sterner & Elser, 
2002).  Recent CNR studies have suggested that vertebrates (Vanni et al., 2002; McIntyre 
et al., 2008) and benthic macroinvertebrates (Grimm, 1988; Hall, Tank & Dybdahl, 2003; 
Koch, 2005) can provide >50% of ecosystem ammonium (NH4-N) demand in small 
streams, while the contribution of macroinvertebrate excretion to phosphorus (PO4-P) 
dynamics in lotic ecosystems is less understood.  Furthermore, since N and P often 
represent the most limiting nutrients in aquatic ecosystems, the N:P ratio of excreted 
nutrients could be a potential driver of primary producer N- and P-limitation in river 
ecosystems.   
The stoichiometric ratio of nitrogen to phosphorus (N:P) in excretion has been 
shown to influence basal resource nutrient limitation in aquatic environments.  Elser et al. 
(1988) reported that phytoplankton growth in a freshwater lake was either N- or P-limited 
depending on whether calanoid copepods or Daphnia were the most dominant 
zooplankton taxon, respectively, but offered no mechanistic framework for this 
phenomenon at the time (Sterner & Elser, 2002).  Body stoichiometry data from 
Andersen & Hessen (1991) helped Sterner, Elser & Hessen (1992) to conclude that a 
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large difference in body N:P between copepods (N:P ~ 30-50) and Daphnia (N:P ~ 14) 
led to altered CNR stoichiometry, resulting in a shift in phytoplankton nutrient limitation.  
Therefore, it appears that taxonomic differences in body N:P can affect CNR feedback to 
basal resource nutrient status (Sterner & Elser, 2002).  However, in spite of increased 
awareness as to the direct effects that excretion can have on nutrient dynamics, CNR’s 
contribution to ecosystem-level nutrient cycling remains unclear, and I presently know of 
no studies that have examined how CNR contributes to nutrient dynamics or supplies 
autotrophic nutrient demand in large rivers.    
I took advantage of an on-going study using nutrient spiraling methods for 
accessing ecosystem nutrient demand in large rivers to investigate the importance of 
macroinvertebrate assemblage NH4-N and PO4-P excretion: (1) in recycling nutrients in 
rivers from different biomes with different nutrient regimes and (2) compared excretion 
N:P ratios to nutrient limitation of phytoplankton to understand whether excretion could 
influence water column nutrient status.  Using three estimation approaches, I scaled 
macroinvertebrates’ per-biomass rates of NH4-N and PO4-P excretion in four rivers with 
base-flow Q > 10 m3 s-1 in North America, and compared these scaled estimates to areal 
ecosystem dissolved nutrient demand and phytoplankton nutrient limitation, producing a 
‘snapshot’ of CNR in large rivers.  My intent was to explore the possible range and 
influence of CNR by macroinvertebrates in large, lotic ecosystems.  Furthermore, I 
compared the load of excreted nutrients (g NH4-N or PO4-P hr-1) to that of background 
nutrients in these four rivers and three smaller stream ecosystems to determine how 
macroinvertebrates’ contribution to nutrient dynamics may vary among lotic ecosystems 
of different size.  Due to the fact that, on average, large rivers have high inputs of 
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transported nutrients from upstream ecosystems (Alexander et al., 2007), and, therefore, 
have large concentrations of background nutrients available for satisfying ecosystem 
demand, I hypothesized that macroinvertebrate CNR would have a lower contribution to 
nutrient dynamics in large rivers compared to small streams.  However, I predict that 
excretion will play a larger role in large river ecosystems that have higher 
macroinvertebrate biomass and low ambient nutrient concentrations, as posited by 
Flecker et al. (2010).   
I chose to examine excretion by benthic macroinvertebrates because these animals 
are ubiquitous and diverse, and smaller organisms are often the most dominant taxa by 
biomass in these ecosystems (Vanni, 2002).  Additionally, I chose to investigate both 
NH4-N and PO4-P excretion because previous CNR studies have typically considered 
only one nutrient (Sterner & Elser, 2002), and both NH4-N and PO4-P are known to be 
limiting resources in freshwater ecosystems (Elser, Marzolf & Goldman, 1990).  
Considering anthropogenic alterations to riverine biogeochemistry and biodiversity 
(Vitousek et al., 1997), a basic knowledge of macroinvertebrate nutrient excretion is 
critical to understanding how and when animals may differentially influence river 
ecosystem function through direct pathways.      
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METHODS 
Study sites 
 I conducted this study in four large rivers (Q > 10 m3/s), with study reaches 
located in Indiana, Michigan, Wyoming, and Utah, USA (Figure 1).  The Tippecanoe 
River (catchment area = 2528.7 km2), located in north-central Indiana, is a tributary of 
Fig. 1 Location of study reaches (stars) for the Tippecanoe and Manistee 
Rivers (panel A) and the North Platte and Green Rivers (panel B). 
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the Wabash River.  The Manistee River (catchment area = 3616.2 km2), located in west-
central Michigan, is a cold water river that drains into Lake Michigan.  The North Platte 
River (catchment area = 79270.1 km2) is a major tributary of the Platte River, and runs 
through Colorado, Wyoming, and Nebraska.  The Green River (catchment area = 33838.5 
km2) is the chief tributary of the Colorado River, and runs through Wyoming, Colorado, 
and Utah.  Study reach lengths in each river ranged from 6399 to 10723 m, and were 
chosen to cover wide gradients of base-flow discharge (18.11 to 83.25 m3 s-1), 
background nutrient concentrations (25 to 1865 and 10 to 67 µg dissolved inorganic NH4-
N and PO4-P L-1, respectively), and adjacent land-use (1.1 to 73.9% agriculture) (Table 
1).  Average river temperatures during this study were relatively similar and ranged from 
22.5 to 26.2 °C (Table 1).       
Areal macroinvertebrate density and biomass 
 I estimated areal benthic macroinvertebrate density and biomass in each study 
reach.  Benthic sampling in the Tippecanoe and Manistee occurred between July and 
August, 2011, while sampling in the North Platte and Green occurred between July and 
August, 2012.  Based on visual observations of riverbed habitat heterogeneity and 
dominant substrate types, I collected 3-6 benthic samples using a Hess sampler (Hess, 
1941) from 1-4 major riverbed habitats at random, wadeable points within each study  
 
 
Table 1 Discharge, temperature, background nutrient concentrations, and land-uses at the 
time of sampling for each study reach. DIN is dissolved inorganic nitrogen.  
Tippecanoe 6399 18.11 26.2 0.61 1865 15 67 73.9 8.3 15.7
Manistee 7222 37.07 22.5 1.35 150 30 10 9.7 5.7 83.1
North Platte 10723 83.25 23.1 1.04 25 5 20 1.1 0.4 98.0
Green 6961 40.49 25.1 1.31 33 14 22 3.7 0.8 91.0
PO4-P 
(µg L-1)
% 
Ag
% 
Urban
% 
Natural 
NH4-N 
(µg L-1)
DIN 
(µg L-1)River
Reach 
Length (m)
Q      
(m3 s-1)
Avg. Temp. 
(°C)
Avg. Depth 
(m)
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reach.  Average depths across all rivers ranged from 0.61 to 1.35 m (Table 1), allowing 
for samples to be taken from across the riverbed in each reach.  Percent cover for each 
habitat was estimated by the principle investigators of the NSF Big Rivers Project from a 
total of 85-394 visual observations made along several, perpendicular transects in each 
reach.  In all rivers except the Green, >50% of total riverbed habitats were 
representatively sampled (Table 2). Since initial reconnaissance showed that rivers in the 
Midwest had high habitat heterogeneity, I sampled 3-4 habitats in the Tippecanoe and 
Manistee Rivers, while my sampling efforts in the North Platte and Green were limited to 
riffle (gravel/cobble substrate) habitats (Table 2).  Although sand and silt represented 
large portions of the riverbed in the North Platte and Green (32 and 64%, respectively; 
Table 2), it is likely that targeted riffle sampling in these rivers was adequate for 
capturing robust density and biomass estimates for a variety of reasons.  First, sandy 
habitats typically contain lower macroinvertebrate diversity and biomass compared to 
other substrates (Allan & Castillo, 2007; this study).  Additionally, riffle habitats 
comprised a majority of the remaining riverbed in the North Platte and Green (86 and 
85%, respectively).  Lastly, a value of zero was applied for density and biomass estimates 
for any habitats that were not sampled when calculating weighted averages (see below).  
All samples were elutriated through a 250-µm sieve to separate macroinvertebrates from 
sand, stones, organic matter, and other debris.  In the Manistee, which had a relatively 
high density of submerged wood (11% of riverbed), I randomly chose pieces of wood 
from within the study reach, and all macroinvertebrates were gently removed using a 
brush. The surface area of each piece of wood was estimated using ImageJ software 
(Rasband, 2012) and used to estimate density and biomass at reach-scale based on the 
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area of riverbed covered by submerged wood habitat.  All samples were preserved in 
95% ethanol and sent to the National Aquatic Monitoring Center (Utah State University, 
Logan, Utah) for sorting, identification, and body length measurements.  In samples with 
high macroinvertebrate density, subsampling was employed until a minimum count of 
600 individuals was obtained, as this number has been found to be adequate for capturing 
robust diversity estimates (Vinson & Hawkins, 1996).  Sorted individuals were identified 
to family, assigned a functional feeding group (Merritt et al., 2008; SAFIT, 2008), and 
measured to the nearest 0.2 mm.  In the interest of time, winged adults, pupae, and 
individuals from the phylum Mollusca (bivalves and gastropods) were removed and not 
included in any further analyses.  For each individual, I estimated biomass as dry mass 
River
Riverbed 
Area (m2)
# Habitats 
Sampled
Total 
Samples 
Taken Major Habitats # of samples
% of 
Riverbed
% Riverbed 
Representatively 
Sampled
Silt 0 8.3
Sand 3 32.6
Cobble 6 44.6
Gravel 4 6.1
Boulder 0 3.8
Wood 0 4.6
Clay 0 2.4
Sand 5 60.6
Gravel 3 14.8
Cobble 0 1.2
Macrophyte 4 12.7
Wood 5 8.1
Sand 0 31.7
Cobble/Gravel 5 53.8
Boulder 0 9.9
Silt 0 41.4
Sand 0 23.0
Cobble/Gravel 5 30.7
Boulder 0 4.6
Wood 0 0.4
96.3
North Platte 872007 1 5 58.4
Manistee 378893 4 17
30.7
Tippecanoe 323860 3 13 83.3
51551070Green
Table 2 Summary of invertebrate sampling effort for the rivers in this study. All 
attempts were made to sample the most invertebrate-rich substrate(s) in each river.   
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(DM, mg) using published length-mass regressions (Benke et al., 1999).  For each 
benthic sample, biomass, BM (mg DM m-2), was calculated as the sum of individual 
biomasses divided by the sample’s area (m2), and I used these estimates to calculate a 
habitat-weighted mean biomass bootstrapped vector for each river (described in 
Statistical Analyses).   
Empirical excretion rates 
 I empirically measured NH4-N and PO4-P macroinvertebrate excretion rates for 2-
4 families in each river.  Excretion rates were measured the day after macroinvertebrate 
biomass sampling in each reach.  After visual inspection of biomass samples from the 
prior day’s samples, I collected fresh macroinvertebrates from the most dominant 
families using a Hess net or hand-picking from rock and wood samples, and immediately 
placed 1-10 similarly-sized individuals from the same family into a 60 mL Nalgene vial 
filled with 20-40 mL of filtered (Glass fiber filter, 0.7 um pore size, Whatman GF/F, 
Maidstone United Kingdom) river water.  The vials were incubated for 44-72 minutes 
either in a water-filled bucket placed in the river or secured to rebar under the surface to 
maintain ambient temperature, and 2-7 replicates were conducted for each family.  I 
sampled 1-3 additional vials for each family after 1 min incubation to estimate initial 
NH4-N and PO4-P concentrations.  At the end of the incubation period, I filtered 4-10 mL 
of water from each vial, then immediately placed samples on ice in the field and froze 
samples in the lab until further analysis.  Samples were analyzed for NH4-N and PO4-P 
concentrations at the Utah State University Aquatic Biogeochemistry Analytical 
Laboratory (Logan, Utah, USA) using colorimetric methods on an Astoria-Pacific flow 
injection analyzer.  After nutrient analysis, it was evident that a third of samples were 
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either contaminated (n = 6) or below detection limits (n = 7), and these were removed 
from further analyses. Macroinvertebrates from the incubations were preserved in 95% 
ethanol and measured to the nearest 0.1 mm in order to calculate reliable biomass 
estimates from only a few individuals.  I calculated individual biomasses as dry mass 
(DM, mg) using published length-mass regressions (Benke et al., 1999), and summed 
these to obtain total macroinvertebrate biomass for each vial.  I calculated NH4-N and 
PO4-P excretion rates (Enutrient, µg nutrient mgDM-1 hr-1) as 
ܧ௡௨௧௥௜௘௡௧ ൌ 	 ሺܧ௙ െ ܧ௜ሻܸܤ௩ ∗ ܶ  
where Ef and Ei are final and initial incubation nutrient concentrations (µg L-1), 
respectively, V is incubation volume (L), Bv is total vial biomass (mg DM), and T is time 
(hr).  Considering excretion rates are strongly influenced by temperature (Vanni, 2002; 
Hall et al., 2007), and temperatures were relatively consistent across rivers (Table 1), I 
calculated a mean excretion rate bootstrapped vector for each family, Efam, using 
replicates from each river in which that family was measured (described in Statistical 
analyses).  Families for which I measured NH4-N and PO4-P excretion rates accounted 
for 62 to 84% of biomass in each river (Appendix A).   
Estimating macroinvertebrate assemblage excretion 
Because I measured individual excretion in only a subset of macroinvertebrate 
families from each river assemblage, I used three approaches based on empirical 
excretion data described above and published models and excretion rates and ratios to 
estimate individual and family excretion rates, Ei (µg nutrient individual-1 hr-1), which I 
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then summed to estimate excretion by the entire assemblage. For the first approach, 
hereafter referred to as the model approach, I used the regression line  
log10[excretion rate] = -1.057 + 0.853log10[mean individual DM] 
(Hall et al., 2007) 
to estimate individual NH4-N excretion, Ei,N (µg N individual-1 hr-1).  To date, this 
regression represents the most robust model (n=320 excretion rates) for benthic stream 
macroinvertebrate NH4-N excretion as predicted by biomass.  For the model approach, I 
used published excretion N:P ratios for macroinvertebrate functional feeding groups 
(McManamay et al., 2011) to estimate individual PO4-P excretion, Ei,P (µg P individual-1 
hr-1) from the NH4-N excretion estimates predicted by the regression line.  In each 
sample, I summed Ei  for each nutrient, divided by the sample’s area (m2), and used these 
estimates to calculate a habitat-weighted mean assemblage excretion rate bootstrapped 
vector, Enutrient,Model (µg nutrient m-2 hr-1, described in Statistical analyses) for each river.   
In the second approach, called the literature approach, individual NH4-N and 
PO4-P excretion (Ei) was estimated as 
ܧ௜ ൌ ܤ௜ܧ௜,ிிீ 
where Bi is individual biomass (mg DM) and Ei,FFG  is the mass-specific NH4-N and PO4-
P excretion rate (ug nutrient mg DM-1 hr-1) for each individual’s functional feeding group 
published by McManamay et al. (2011).  As in the model approach, I summed individual 
excretion for each nutrient, divided by sample area, and calculated mean assemblage 
excretion rate bootstrapped vectors, Enutrient, Lit. 
In the third and final approach, the combination approach, I estimated individual 
NH4-N and PO4-P excretion (Ei) as 
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ܧ௜ ൌ ܤ௜ܧ௜,௙௔௠ 
where Bi is individual biomass (mg DM) and Ei,fam is the empirically measured mass-
specific mean NH4-N and PO4-P excretion rate bootstrapped vectors (µg nutrient mg DM-
1 hr-1) for each individual’s family, calculated in this study.  Individual excreted NH4-N 
and PO4-P values from the model approach were applied to any individuals whose family 
excretion rate was not empirically measured (15.7-37.7% of total biomass). I calculated 
mean assemblage excretion rate bootstrapped vectors, Enutrient, Combo, as above. 
 Ecosystem nutrient demand 
 Biological NH4-N and PO4-P uptake was measured in each river reach through the 
combined efforts of the NSF Big Rivers Nutrient Project crew using pulse-addition 
methods modified from Tank et al. (2008).  Pulse additions for the Tippecanoe and 
Manistee were conducted during summer, 2011, while the North Platte and Green were 
conducted during summer, 2012.  All pulse additions were conducted under normal base 
flow conditions, with the exception of the Green, whose additions occurred 1 day after a 
flash-flooding event in the Price River, a major tributary joining the Green approximately 
halfway along the study reach.  Two pulse additions were conducted in each river using a 
conservative tracer (bromide, Br-) plus a reactive solute (ammonium, NH4+ or phosphate, 
PO43-).  Nutrient pulses were added by filling several 10-gallon plastic tubs with river 
water and varying amounts of tracer and solute depending on the release, and mixing 
until dissolved (Appendix B).  Prior to pulse addition, preliminary releases of rhodamine 
were used to measure travel time, dispersion, and mixing, which were then used to 
determine sample collection times at downstream sampling stations.  To avoid an over-
saturation of nutrient demand, and thus underestimate nutrient uptake, peak 
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concentrations of NH4-N and PO4-P during each pulse were both targeted for 35 µg  L-1 
above background concentrations (sensu Dodds et al., 2002).  During each pulse addition, 
water samples were collected at four downstream stations to characterize nutrient 
transport at each location.  Water samples were placed on ice, shipped to the Stream 
Ecosystem Ecology and Biogeochemistry Laboratory at Notre Dame University (South 
Bend, Indiana), and analyzed for NH4-N and PO4-P using colorimetric techniques on a 
Lachat flow injection analyzer.   
 Uptake length of dissolved nutrients (Sw, in meters) was calculated for each 
nutrient using methods described in Tank et al. (2008).  Areal uptake rate, U (µg m-2 hr-
1), was calculated from Sw (m), as U = (Q/w)*C/Sw (Stream Solute Workshop, 1990; 
Davis & Minshall, 1999), where Q is river discharge (m3/hr), w is river width (m), and C 
is ambient nutrient concentration (µg/m3).   
Pelagic nutrient limitation  
 I used pelagic bioassay experiments to understand whether or not excretion by 
macroinvertebrates could influence nutrient limitation of water column phytoplankton.  
Experiments considered four separate nutrient treatments: NH4-N, PO4-P, N+P, and a 
control.  In each reach, I sampled and filtered 4 liters of water through a 250 µm sieve to 
remove zooplankton, and then equally divided this water among four five-gallon buckets.  
Each bucket received one of the four nutrient treatments, with a target concentration of 
250 µg L-1 for NH4-N and PO4-P, respectively.  The nutrient-amended water was 
transferred from each bucket into five whirl-pack bags for a total of n = 5 
replicates/treatment.  Each replicate was secured in random order to a line tied to rebar 
~1m below the river surface and incubated for ~48 hours (approximately 2 days of 
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sunlight).  After incubation, I retrieved the bags, filtered a known volume of water 
through a glass fiber filter (Whatman GF/F, Maidstone, United Kingdom) to collect 
chlorophyll-a, and froze the filters until further analysis. Chlorophyll-a was later 
measured in the lab using a spectrophotometer (monochromatic method with turbidity 
and phaeophytin corrections) after extraction with hot ethanol (Biggs & Kilroy, 2000).  
Statistical analyses 
 Reliable comparisons between the contribution of macroinvertebrate assemblage 
excretion to river NH4-N and PO4-P cycling require robust estimates of uncertainty.  I 
used bootstrapping to estimate uncertainty for biomass and excretion measurements.  
This was accomplished by randomly sampling all BM, Efam, EN, approach, and EP,approach data 
sets with replacement and computing the mean 10,000 times for each family and habitat.  
Bootstrapped vectors were used to produce habitat-weighted vectors of assemblage-wide 
biomass and NH4-N and PO4-P excretion for each river.  
 I used areal NH4-N and PO4-P uptake rates (Unutrient) calculated from the nutrient 
pulse additions as the measure of demand for NH4-N and PO4-P in each river.  Therefore, 
for each river and estimation approach, I estimated nutrient recycling as the proportional 
contribution of macroinvertebrate excretion to total nutrient demand, which was 
calculated by dividing the bootstrapped vectors of assemblage NH4-N and PO4-P 
excretion (EN,Approach and EP,Ap,proach, respectively) by UN and UP, respectively.   
To compare the magnitude of macroinvertebrate excretion in rivers to small 
streams, I compared the load of NH4-N excreted from the total riverbed area in each 
reach to the load of ambient NH4-N being transported through each reach for all the 
rivers in this study, as well as for three smaller systems from previous CNR studies (Hall 
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et al., 2003; Koch, 2005).  Excretion loads (µg N hr-1) were calculated as the product of 
assemblage excretion rate (µg N m-2 hr-1) and reach area (m2), while ambient NH4-N 
loads (µg N hr-1) were calculated as the product of ambient nutrient (µg L-1) and 
discharge (Q, converted to L hr-1).   
I tested for differences between nutrient treatments in the pelagic bioassays using 
two-way ANOVA, following the methods of Tank & Dodds (2003).   
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RESULTS 
Areal macroinvertebrate density and biomass 
Areal macroinvertebrate densities across all rivers ranged from 2460 ± 1340 
individuals m-2 in the Green to 13640 ± 4930 individuals m-2 in the North Platte 
(Appendix C).  Larvae from the family Chironomidae were the most dominant family by 
density in every river.   
Total assemblage biomass varied considerably among all rivers (Table 3).  Mean 
areal macroinvertebrate biomass bootstrap vectors across all rivers ranged from 228.4 ± 
77.3 mg DM m-2 in the Green to 2486.6 ± 407.4 mg DM m-2 in the North Platte, 
representing an order of magnitude in difference.  Numerically dominant taxa were not 
necessarily equivalent to the taxa comprising the largest proportion of biomass.  While 
Chironomidae larvae comprised 48.9% of macroinvertebrate biomass in the Manistee 
river, filter-feeding net-spinning caddisflies (Trichoptera: Hydropsychidae) had the 
greatest biomass in the three remaining rivers, accounting for 25, 52, and 50% of total 
macroinvertebrate biomass in the Tippecanoe, North Platte, and Green, respectively.  
N P
Model Tippecanoe 485.2 ± 55.9 2.2 2448.6 6069.0 0.4 2.0 0.4
Manistee 1208.7 ± 173.3 2.6 7375.8 1581.6 4.7 1.7 3.2
North Platte 2486.6 ± 407.4 1.3 3302.4 0.0 N/A 6.5 N/A
Green 228.4 ± 77.3 1.2 2641.8 13077.0 0.2 0.7 0.1
Lit Tippecanoe 485.2 ± 55.9 1.5 2448.6 6069.0 0.4 2.3 0.6
Manistee 1208.7 ± 173.3 1.4 7375.8 1581.6 4.7 1.7 6.0
North Platte 2486.6 ± 407.4 1.0 3302.4 0.0 N/A 8.3 N/A
Green 228.4 ± 77.3 0.9 2641.8 13077.0 0.2 0.9 0.2
Combo Tippecanoe 485.2 ± 55.9 3.4 2448.6 6069.0 0.4 6.6 0.8
Manistee 1208.7 ± 173.3 4.5 7375.8 1581.6 4.7 4.0 4.2
North Platte 2486.6 ± 407.4 2.8 3302.4 0.0 N/A 32.4 N/A
Green 228.4 ± 77.3 2.5 2641.8 13077.0 0.2 2.4 0.2
P Uptake 
(µgP m-2 hr-1)
Uptake 
N:P Ratio 
Contribution to UptakeModeling 
Approach River
Biomass       
(mg DM m-2)
N Uptake 
(µgN m-2 hr-1)
Assemblage 
Excretion N:P Ratio
Table 3 Bootstrapped invertebrate biomass (average ± SD), N:P ratios (by mass), 
nutrient uptake rates (N is NH4-N, P is PO4-P), and excretion contribution (% uptake) 
as estimated by the three modeling approaches in the Tippecanoe, Manistee, North 
Platte, and Green rivers. 
18 
 
 
 
Several other families made significant contributions to total biomass in each river 
(Figure 2).  Flat-headed and small-squaregill mayflies (Ephemeroptera: Heptageniidae 
and Caenidae) comprised 20.2 and 13.0% of the biomass in the Tippecanoe, respectively.  
In the Manistee, Humpless-casemaker and net-spinning caddisflies (Trichoptera: 
Brachycentridae and Hydropsychidae) respectively accounted for 13.3 and 10.6% of 
biomass.  Little stout crawler and pale-burrower mayflies (Ephemeroptera: 
Leptohyphidae and Polymitarcyidae) consisted of 15.5 and 10.4% of the biomass in the 
North Platte.  In the Green, the predatory dobsonfly (Megaloptera: Corydalidae) and non-
biting midge larvae (Diptera: Chironomidae) comprised 28.5 and 7.4% of biomass, 
respectively (Appendix C). 
 
Fig. 2 Family-level rank abundance by biomass for each river 
in this study, with the top 3 ranked taxa color-coded for each 
river. 
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Empirical excretion rates 
 Mean NH4-N excretion rate bootstrapped vectors (EN,fam) for each family from the 
empirical trials ranged from 0.164 ± 0.061 to 0.965 ± 0.404 µg N mg DM-1 hr-1 (mean = 
0.462, Appendix D).  Mean PO4-P excretion rate bootstrapped vectors (EP,fam) for each 
family ranged from 0.012 ± .003 to 0.239 ± 0.075 µg P mg DM-1 hr-1 (mean = 0.108, 
Appendix D).  Excretion N:P ratios (by mass) ranged from 2.3 to 5.8, except for 
Gammaridae, which had an excretion N:P ratio of 40.5.   
Macroinvertebrate assemblage excretion  
 Across all estimation approaches and rivers, mean assemblage excretion rate 
bootstrapped vectors (EN/P) spanned an order of magnitude (Figure 3A, B).  The model 
approach predicted EN,Model  rates from 18.9 to 213.9 µg N m-2 hr-1 (mean = 102.9) across 
all rivers.  Estimates for EP,Model rates ranged from 16.3 to 164.1 µg P m-2 hr-1 (mean = 
63.5).  Assemblage excretion N:P ratios by mass for this approach ranged from 1.2 to 2.6 
(mean = 1.8).   
For the Literature approach, mean assemblage NH4-N excretion rates, EN,Lit, 
ranged from 22.9 to 273.4 µg N m-2 hr-1 (mean = 120.3), and were similar to rates 
predicted by the Model approach (Figure 3A).  EP,Lit values ranged from 24.3 to 287.0 µg 
P m-2 hr-1 (mean = 111.0) across rivers, and were on average 69% higher than rates 
predicted by the Model approach (Figure 3B).  For the two western rivers, the North 
Platte and Green, the Literature approach predicted higher mean rates of assemblage 
excretion for PO4-P than for NH4-N.  Assemblage excretion N:P ratios by mass were 
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relatively constant across rivers for the Literature approach, ranging from 0.9 to 1.5 
(mean =1.2). 
 
Model (M) 
Literature (L) 
Combination (C) 
Model (M) 
Literature (L) 
Combination (C) 
Fig. 3 Estimated mean assemblage nutrient excretion rates (± SD) for NH4-N 
(panel A) and PO4-P (panel B) under the different estimation approaches in each 
river in this study. 
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The Combination approach predicted the highest rates of mean assemblage 
excretion for both NH4-N and PO4-P, except for PO4-P in the Manistee, which was higher 
using the Literature approach.  Values for EN,Combo ranged from 63.1 to 1070.1 µg N m-2 
hr-1 (mean = 397.4), and were on average 246 and 195% higher than rates predicted by 
the Model and Literature approaches, respectively (Figure 3A).  Mean assemblage PO4-P 
excretion, EP,Combo, ranged from 25.2 to 378.7 µg P m-2 hr-1 (mean = 129.5), and was on 
average 81% higher than rates predicted by the Model approach (Figure 3B).  The 
Combination approach also predicted the highest N:P ratios by mass, which ranged from 
2.5 to 4.5 across all rivers.   
While several families contributed considerably to mean assemblage NH4-N and 
PO4-P excretion across all rivers, Hydropsychid caddisfly larvae dominated both NH4-N 
and PO4-P excretion under all estimation approaches in the Tippecanoe, North Platte, and 
Green rivers (Figure 4), with the single exception of NH4-N excretion under the 
Literature approach in the Tippecanoe, in which Heptageniid mayflies were the most 
dominant family by excretion (Figure 4, Appendix E).  Mean assemblage NH4-N 
excretion under all estimation approaches in the Manistee was dominated by 
Chironomidae larvae, while Brachycentridae, Chironomidae, and Hydropsychidae larvae 
each dominated mean assemblage PO4-P excretion in this river, depending on the 
estimation approach (Appendix E). 
Ecosystem nutrient demand 
Areal biological uptake rates (Unutrient, µg m-2 hr-1) from the nutrient pulse 
additions ranged from 2448.6 to 7375.8 and 1581.6 to 13077.0 for NH4-N and PO4-P, 
respectively (Table 3).  Uptake rates for NH4-N were highest in the Manistee and lowest 
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in the Tippecanoe.  Uptake rates for PO4-P were highest in the Green and undetectable in 
the North Platte (see Discussion).  
Assemblage contribution to nutrient cycling 
 Across all rivers and estimation approaches, calculated values of excretion 
contribution to demand (Enutrient,approach /Unutrient) ranged from 0.7-32.4% and 0.1-6.0% for 
NH4-N and PO4-P, respectively (Table 3, Figure 5A).  Across all estimation approaches, 
macroinvertebrate NH4-N contribution was highest in the North Platte and lowest in the  
Fig. 4 NH4-N excretion rank abundance curves for the Tippecanoe 
(panel A), Manistee (panel B), North Platte (panel C), and Green 
(panel D) rivers. A lower rank indicates a higher contribution to 
assemblage excretion. Note: the two most dominant families for each 
estimation approach are highlighted for each river. 
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Fig. 4 Continued. 
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Green.  Considering all mean assemblage NH4-N rate bootstrapped vectors, the 
Combination approach consistently predicted the highest values for macroinvertebrate 
NH4-N contribution, while the Model approach predicted the lowest.   
The North Platte had the highest rates of assemblage PO4-P excretion (Figure 3B), 
but because PO4-P uptake was insignificant, I was not able to evaluate assemblage 
contribution to ecosystem PO4-P demand. Macroinvertebrate PO4-P contribution was 
highest in the Manistee (3.2-6.0%, depending on approach; Table 3, Figure 5B).  Similar 
to NH4-N, contribution to PO4-P uptake was lowest in the Green across all estimation 
approaches, although this is most likely attributed to artificially high PO4-P uptake (Table 
3, see Discussion).  The Combination approach predicted the highest values for 
macroinvertebrate PO4-P contribution in the Tippecanoe and Green, while the Literature 
approach predicted the highest value in the Manistee (Table 3).   
Fig. 4 Continued. 
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Fig. 5 Assemblage contribution to nutrient uptake in the Tippecanoe, Manistee, North 
Platte, and Green Rivers.  Results for ammonium are presented in panel A, while results 
for phosphate are presented in panel B.    
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Pelagic nutrient limitation 
Average pelagic chlorophyll-a concentrations ranged from a minimum of 3.01 µg 
L-1 for the PO4-P treatment in the Manistee to 76.64 µg L-1 for the NH4-N treatment in the 
Tippecanoe.  Pelagic chlorophyll-a was significantly limited by NH4-N in both the 
Tippecanoe (p < 0.05), and the Manistee (p = 0.0671).  Chlorophyll-a in the North Platte 
exhibited both NH4-N and PO4-P suppression (Figure 6).  Lastly, no significant limitation 
was observed in the Green.  
 
 
 
Fig. 6 Relative response of each nutrient treatment compared to control in the 
pelagic bioassays for each river in this study.  Note that an asterisk (*) denotes 
significance at the 0.05 level, and a plus (+) denotes significance at the 0.10 
level.  The Tippecanoe and Manistee Rivers were NH4-N limited, while the 
North Platte and Green Rivers did not exhibit any significant nutrient 
limitation. 
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Excretion load as a portion of ambient nutrient load 
 Across all estimation approaches and rivers, excreted NH4-N loads from the 
riverbed ranged from 10.4 to 933.1 g N hr-1 and are presented for the Model approach in 
Table 4.  Using the assemblage excretion values predicted by the Model approach, 
excretion NH4-N loads in the four rivers in this study ranged from 0.5% to 12.4% of 
ambient NH4-N load (Table 4).  The Combination approach predicted a range from 1.7% 
in the Green to 62.3% in the North Platte (Table 4).  Excreted NH4-N loads from three 
smaller streams were also calculated, and the percentage of ambient NH4-N load matched 
by excretion load in these systems ranged from 149 to 5143% (Table 4).  Excreted PO4-P 
loads across all rivers and estimation approaches ranged from 7.5 to 330.2 g P hr-1, and 
PO4-P load was equivalent to 0.2 to 5.5% of ambient PO4-P load.   
 
  
Study System
Q       
(m3 s-1)
N Excretion Flux 
(g N hr-1)
Ambient N Flux 
(g N hr-1)
% Ambient Flux 
Matched by 
Excretion Flux
This study Tippecanoe River 18.11 16.1930 978.1020 1.7 (5.3)
This study Manistee River 37.07 48.8393 4003.1280 1.2 (2.8)
This study North Platte River 83.25 186.5223 1498.5360 12.4 (62.3)
This study Green River 40.49 10.4152 2040.8472 0.5 (1.7)
Hall et al.  2003 Polecat Creek 1.45 102.0160 1.9836 5143
Koch 2005 Spring Creek 0.21 0.8732 0.4658 187
Koch 2005 Warm Spring Creek 0.25 4.7065 3.1665 149
Table 4 Excreted and ambient NH4-N fluxes for rivers in this study and streams from 
previous macroinvertebrate CNR studies. Note that excretion fluxes for rivers are based 
off the Model approach.  Values in parenthesis represent estimates using the 
Combination approach. 
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DISCUSSION 
Areal macroinvertebrate density and biomass 
Considering individual biomass is a major driver of excretion rates (Vanni, 2002; 
Hall et al., 2007), it is important to consider that the taxa of greatest biomass, as opposed 
to density, may be the most dominant contributor to total assemblage excretion in this 
study.  Despite density estimates that may suggest otherwise, several families in this 
study made significant contributions to assemblage excretion due to their large areal 
biomass.  Although never the most dominant family by density, Hydropsychid caddisfly 
larvae represented the most dominant family by biomass in all rivers except the Manistee, 
in which Chironomidae larvae were the most dominant taxa by more than an order of 
magnitude (Appendix A).  As a result, Hydropsychid caddisflies were consistently the 
most dominant taxon in terms of both NH4-N and PO4-P excretion in the Tippecanoe, 
North Platte, and Manistee (discussed further under Macroinvertebrate assemblage 
excretion below).  In similar fashion, despite being the least dense family (rank 14), 
Corydalidae was the second most dominant family in terms of biomass (Figure 2), NH4-N 
excretion (Figure 4), and PO4-P excretion in the Green.  These observations are important 
for future CNR studies, as the most dominant taxa by density may not necessarily be the 
most dominant taxa by biomass, and, therefore, may not contribute significantly to total 
assemblage excretion. 
Several methodological constraints could have led to an underestimation of 
biomass, and, therefore, total assemblage excretion estimates, as well.  All specimens 
were preserved in 95% ethanol, so reductions in biomass, and, therefore, body length, due 
to leaching could have resulted in an underestimation of biomass using length-mass 
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regressions (Hauer & Lamberti, 2007).  While a 10% formalin solution could have been 
used to help prevent this from occurring, I decided to use ethanol, instead, because of 
travel and safety constraints.  Also, to aid in sample processing time, individuals from the 
phylum Mollusca (gastropods and bivalves) were removed prior to biomass and excretion 
analyses.  These organisms undoubtedly contribute to excreted NH4-N and PO4-P pools, 
and these inputs were not accounted for in this study.  Lastly, when calculating average 
areal biomass, I assumed that macroinvertebrate densities in habitats that were not 
sampled were simply zero.  It is almost certain that macroinvertebrates exist in these un-
sampled habitats, so my calculated average areal biomasses represent conservative 
estimates, and, therefore, likely underestimate assemblage excretion rates.  Considering 
these methodological constraints, the total contribution of macroinvertebrate excretion is 
probably underestimated in this study.  Nonetheless, these conservative estimates are 
important, as they provide a “baseline” approximation of macroinvertebrates’ 
contribution to nutrient cycling in these rivers. 
Empirical excretion rates 
 Mean empirical NH4-N excretion rates for individual families ranged from 0.164 
to 0.965 µg N mg DM-1 hr-1 (mean = 0.462, Appendix D).  While NH4-N excretion rates 
for all families fell within the ranges of reported values for other benthic 
macroinvertebrate taxa (Tatrai, 1982; Grimm, 1988; Koch, 2005), two families, 
Isonychiidae and Leptohyphidae, had rather high excretion rates (0.686 and 0.965, 
respectively).  The high values for these two taxa could be attributed to the low number 
of replicates left after some were removed due to detection limits (Appendix D), and they 
should be taken with caution, although this is less of an issue with Isonychiidae, which 
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represented only 1.8% and 0.2% of total biomass in the Tippecanoe and Manistee Rivers, 
respectively.  Mean empirical PO4-P excretion rates for families ranged from 0.012 to 
0.239 µg P mg DM-1 hr-1 (mean = 0.108, Appendix D).  Few studies have examined PO4-
P excretion of benthic macroinvertebrates, but the majority of families in this study fell 
within the range of values reported by McManamay et al. (2011), in which 10 taxa had 
PO4-P excretion rates ranging from 0.001 to 0.175 µg P mg DM-1 hr-1.  Considering the 
highest mean PO4-P excretion rate in this study was only 0.239 µg P mg DM-1 hr-1 
(Leptohyphidae), I feel confident that my empirical PO4-P excretion rates are accurate.  
Additionally, both NH4-N and PO4-P individual excretion rates (µg nutrient individual-1 
hr-1) were positively related to body size (Figure 7), a relationship also observed by Hall 
et al. (2007).  In a study of 320 benthic invertebrates, Hall et al. (2007) found that 
individual ammonium excretion rates also increase with body size, but at a rate that is 
less than isometric.   
Macroinvertebrate assemblage excretion 
 Across all estimation approaches, macroinvertebrate assemblage NH4-N excretion 
rates ranged from 18.9 to 1070.1 µg N m-2 hr-1, with the highest rates of assemblage 
excretion in the North Platte, and the lowest rates in the Green.  This is of little surprise 
considering these two rivers contained the highest and lowest levels of biomass, 
respectively, which was the primary predictor of excretion rates in this study (see 
Methods).  Predicted assemblage NH4-N excretion rates were very similar between the 
Model and Literature approaches (Figure 3), while the Combination approach 
consistently predicted rates well higher than those of the other two approaches.  This is  
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A 
 
B 
 
Fig. 7 NH4-N (Panel A) and PO4-P (Panel B) individual excretion rates increase with 
body size for benthic invertebrate taxa that were empirically measured as part of this 
study. The regression lines were estimated using type II, reduced major axis linear 
regression (Bohonak & van der Linde, 2004).  Data points were gathered from four rivers 
and represent total excretion rates computed from one or more similarly-sized individuals 
of the same taxon (NH4-N: n = 48; PO4-P: n = 41).   
0.01
0.1
1
10
0.01 0.1 1 10N
H
4-
N
 e
xc
re
tio
n 
ra
te
   
   
   
   
   
  
(µ
g 
N
 in
di
vi
du
al
-1
hr
-1
)
Mean individual body size                        
(mg dry mass)
0.001
0.01
0.1
1
10
0.001 0.01 0.1 1 10
PO
4-
P 
ex
cr
et
io
n 
ra
te
   
   
   
   
   
  
(µ
g 
P 
in
di
vi
du
al
-1
hr
-1
)
Mean individual body size                     
(mg dry mass)
32 
 
 
 
likely due to the fact that in every river, at least 3 of the 5 most dominant taxa by biomass 
had excretion rates measured empirically as part of this study (Appendix D), and 
measured rates consistently predicted higher rates of NH4-N excretion for these taxa than 
either the model used from Hall et al. (2007) or the rates published for functional feeding 
groups from McManamay et al. (2011).  There are two likely explanations as to why 
empirical excretion rates were higher than those predicted by the model approach. First, 
the incubation temperatures for empirically measured river taxa were several degrees 
higher than those used to produce the regression line in Hall et al. (2007) (see Koch, 
2005).  Higher incubation temperatures typically raise organisms’ metabolic rates, 
leading to an increase in excretion rate.  Second, it is important to remember that, as a 
best-fit line, the regression from Hall et al. (2007) would over- and under-estimate 
excretion rates for several taxa, and this could have led to some discrepancies when 
compared to empirically measured rates. 
Assemblage PO4-P excretion ranged from 16.3 to 378.7 µg P m-2 hr-1 across all 
estimation approaches, and, similar to NH4-N, was highest in the North Platte and lowest 
in the Green.  It is interesting to note that assemblage PO4-P excretion was predicted to 
be higher than NH4-N excretion in two rivers, the North Platte and Green, but only under 
the Literature approach.  These results were driven largely by the fact that filter-feeding 
Hydropsychid caddisfly larvae accounted for 52% and 50% of areal biomass in the North 
Platte and Green, respectively, and the excretion N:P ratio by mass for this functional 
feeding group from McManamay et al. (2011) was the only value less than 1 (excretion 
N:P = 0.687 µg mg DM-1 hr-1).  This highlights the notion that a single taxon can 
drastically influence CNR dynamics in freshwater, lotic ecosystems.  
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 While several taxa made significant contributions to assemblage excretion rates, 
two families, Hydropsychidae and Chironomidae, were consistently among the most 
important.  Considering all estimation approaches, Hydropsychid caddisfly larvae 
dominated NH4-N and PO4-P excretion in the Tippecanoe, North Platte, and Green 
(exception: Literature approach in Tippecanoe), representing 22.5 to 82.9% of 
assemblage NH4-N excretion and 49.0 to 90.3% of assemblage PO4-P excretion.  
Chironomidae larvae, although being the most dominant family by density in each river, 
were the most dominant family by NH4-N excretion in only one river, the Manistee.  This 
result makes sense, though, considering Chironomidae represented 48.9% of total 
biomass in this river.  Chironomidae larvae were also the most dominant by PO4-P 
excretion in this river, but only under the Literature approach (Appendix E).  Under the 
Model approach, both Brachycentridae and Hydropsychidae contributed more to 
assemblage PO4-P excretion than Chironomidae.  Also, under the Combination approach, 
Hydropsychidae contributed slightly more to assemblage PO4-P excretion than did 
Chironomidae.       
It is important to note that, in this study, assemblage NH4-N and PO4-P excretion 
rates were estimated either from published models and rates or from empirical data 
collected from multiple rivers, and these estimation tools may not accurately predict the 
actual amount of excreted nutrients in each river.  Macroinvertebrate excretion is a 
function of several factors, including, but not limited to, biomass, temperature, food 
content, and taxonomy (Hall et al., 2007).  If, for example, the nutrient content of basal 
resources for macroinvertebrates from a river in this study was drastically different from 
that of resources in a stream from which published values were produced, these published 
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rates may not be appropriate for use in this study.  Likewise, although average 
temperatures across rivers in this study were fairly similar, slight differences could affect 
individual excretion rates, so applying rates to taxa in one river which were measured in 
another could have caused some discrepancies.   
Ecosystem nutrient demand 
While NH4-N uptake was measured quite successfully using pulse addition 
methods, results for PO4-P uptake were confounded in two rivers due to methodological 
constraints and extreme flow conditions.  Although PO4-P uptake was certainly occurring 
in the North Platte, nutrient pulse peaks did not produce a significant regression, resulting 
in insignificant uptake being recorded for this system.  Also, the relatively high rate of 
biological PO4-P uptake measured in the Green (UP = 13077.0 µg P m-2 hr-1) is likely an 
artifact of the flash-flooding event in the Price River tributary that occurred during the 
pulse addition.  This flash flood in the Price River occurred 1 day prior to nutrient uptake 
sampling, so that during the pulse addition, an unusually large amount of sediment was 
added to the Green River halfway along the study reach.  The high value for PO4-P 
uptake in this river is most likely due to high P-sediment adsorption from this increase in 
sediment load from the Price River.  Therefore, it should be noted that this value does not 
accurately represent biological uptake under base flow conditions, and macroinvertebrate 
excretion in the Green likely plays a larger role than what is presented here.   
Assemblage contribution to nutrient cycling 
 Across all rivers and estimation approaches, macroinvertebrate excretion was 
equivalent to 0.7 to 32.4% of ecosystem NH4-N demand.  Supporting the hypothesis of 
Flecker et al. (2010), which states that nutrient subsidies from migratory fish would be 
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highest in systems with (1) high migrant biomass and (2) low background nutrients, 
macroinvertebrate NH4-N contribution was highest in the North Platte (Model = 6.5%, Lit 
= 8.3%, Combo = 32.4%), which had the highest biomass (2486.6 ± 407.4 mg DM m2) 
and lowest background NH4-N concentration (5.0 µg L-1) of the four rivers in this study.  
While the Green River had the second lowest background NH4-N concentration, 
contributions to NH4-N cycling were lowest in the Green (Model = 0.7%, Lit = 0.9%, 
Combo = 2.4%), most likely due to its relatively low areal biomass (228.4 ± 77.3 mg DM 
m2).  When compared to previous CNR studies in small streams, where animal 
assemblages have been documented to contribute 50% or more towards ecosystem NH4-
N demand (Vanni et al., 2002; Hall et al., 2003; Koch, 2005), river macroinvertebrate 
assemblages generally appear to contribute less to NH4-N cycling.  Across the estimation 
approaches, two-thirds of all assemblage NH4-N excretion predictions were < 5% of 
NH4-N uptake (Table 3).  However, in the North Platte, all three approaches predicted 
assemblage NH4-N excretion rates that were equivalent to > 5% of uptake, suggesting 
that, under certain conditions, macroinvertebrate assemblages may be nearly as important 
to NH4-N cycling in rivers as in smaller streams.   
Excluding the North Platte, assemblage PO4-P excretion accounted for 0.1 to 
6.0% of ecosystem PO4-P demand and, similar to NH4-N contribution, was highest in the 
river with the highest biomass and lowest background PO4-P concentration, which in this 
case was the Manistee (Table 3).  The Manistee was also the only river in which PO4-P 
excretion matched a higher percentage of PO4-P uptake compared to NH4-N excretion 
and NH4-N uptake.  This is likely a result of the Manistee having high relative 
invertebrate biomass and a PO4-P uptake rate (UP = 1581.6 µg P m-2 hr-1) lower than any 
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other rate for either NH4-N or PO4-P in any other river.  Interestingly, the highest percent 
contribution to PO4-P uptake in the Manistee was predicted by the Literature approach, 
rather than the Combination approach, which predicted the highest values in all other 
cases.  Unfortunately, since the contribution of invertebrate PO4-P excretion to uptake 
remains unclear in both small and large lotic ecosystems, a direct comparison is not 
possible.  However, considering only one value for PO4-P excretion contribution across 
estimation approaches was > 5% (Table 3), it seems macroinvertebrate PO4-P excretion 
plays a smaller role than NH4-N excretion in ecosystem-level nutrient dynamics of large 
rivers.    
Pelagic nutrient limitation 
 While the contribution of excreted NH4-N and PO4-P is certainly important to 
ecosystem nutrient cycling, the stoichiometric ratio of excreted nutrients can also 
influence microbial nutrient limitation, productivity, and structure (Elser et al., 1988; 
Hall et al., 2007).  Assemblage excretion N:P ranged from 0.9 to 4.5 by mass, depending 
on the estimation approach used, but were consistently highest in either the Tippecanoe 
or Manistee, and lowest in the Green (Table 3).  Water column chlorophyll-a was 
significantly NH4-N-limited in the Tippecanoe and Manistee Rivers (Figure 5).  These 
results support the idea that excreted nutrient may be an important pathway by which 
nutrients are regenerated for nutrient-limited chlorophyll-a.  With the highest excretion 
N:P ratios, the macroinvertebrate assemblages in the Tippecanoe and Manistee supply the 
most NH4-N relative to PO4-P of the other two rivers in this study.  Since water column 
chlorophyll-a in these systems is NH4-N-limited, pelagic phytoplankton may rely on 
macroinvertebrate excretion as an additional source of NH4-N.  These results suggest that 
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macroinvertebrate excretion may be tightly linked to water-column nutrient dynamics in 
flowing water ecosystems, and this linkage is likely to be strongest in systems with low 
background total N and total P concentrations.   
Excretion load vs. ambient load 
 Since rivers contain vastly higher volumes of water than smaller streams, it is 
useful to compare the load of excreted nutrients to the load of background nutrients in 
order to determine the overall significance of excretion to nutrient dynamics, even in 
rivers with relatively low background nutrient concentrations, such as for NH4-N in the 
North Platte (Table 1).  Therefore, I calculated the load of NH4-N excreted (µg N hr-1) 
from the total riverbed area in each river reach and several smaller systems, and 
compared this load to that of ambient NH4-N.  In this fashion, I was able to directly 
compare the significance of excretion in rivers to small streams.  Using the Model 
approach as a baseline, NH4-N excretion load represented 0.5 to 12.4% of ambient NH4-
N load, but accounted for 1.7 to 62.3% of background NH4-N load when using the 
Combination approach (Table 4).  However, as with nutrient recycling, it appears that 
macroinvertebrate-excreted NH4-N plays a smaller role in river NH4-N dynamics as 
compared to similar pools found in small streams, except under favorable conditions.  In 
three smaller stream ecosystems, macroinvertebrate NH4-N excretion was equivalent to 
149 to 5143% of ambient NH4-N load (Table 4).  It should be noted that the extreme 
value from Polecat Creek represents a system with low background NH4-N (mean = 0.38 
µg N L-1) and extremely high densities (483000 individuals m-2) of the invasive New 
Zealand Mud Snail (Potamopyrgus antipodarum).  Regardless, excreted NH4-N loads in 
these smaller systems were always more than ambient NH4-N load.  Considering excreted 
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NH4-N loads in three of four rivers in this study were never > 6% of ambient NH4-N load 
(Table 4), it seems that excreted NH4-N pools in rivers generally contribute less to 
ecosystem nutrient dynamics than analogous pools in small streams.  However, under 
favorable conditions of high animal biomass and low ambient nutrient concentration, 
macroinvertebrate-excreted NH4-N pools in rivers can be equivalent to > 10% of ambient 
NH4-N load, as in the case for the North Platte in this study (Table 4).       
As for PO4-P excretion load, unfortunately, previous macroinvertebrate CNR 
studies (Grimm, 1988; Hall et al., 2003; Koch, 2005) have focus solely on NH4-N, and 
excretion PO4-P loads in these smaller systems are unknown, so reliable comparisons 
between rivers and streams for this nutrient are not possible.  However, the proportion of 
ambient PO4-P load matched by PO4-P excretion was lower than it was for NH4-N, with 
PO4-P excretion load representing only 0.2 to 5.5% of background PO4-P load, depending 
on the estimation approach used.  Therefore, I conclude that macroinvertebrates play a 
minor role in PO4-P dynamics of river ecosystems. 
Summary and Conclusions 
 Previous studies of vertebrate (Vanni et al., 2002) and invertebrate (Grimm, 1988; 
Hall et al., 2003; Koch, 2005) CNR have shown animal assemblages can supply >50% of 
ecosystem NH4-N and TN demand through excretion in small lotic ecosystems.  
Furthermore, Sterner et al. (1992) showed that differences in the N:P ratio of CNR can 
influence phytoplankton nutrient status.  Meanwhile, the importance of animal 
assemblages to ecosystem nutrient dynamics remains uncertain for macroinvertebrates in 
large rivers (Benstead et al., 2010).   
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 In this study, riverine macroinvertebrate assemblage NH4-N and PO4-P excretion 
spanned an order of magnitude, and matched the equivalent of 0.7 to 32.4% and 0.1 to 
6.0% of ecosystem NH4-N and PO4-P uptake, respectively.  These results support my 
hypothesis that CNR would play a smaller role in ecosystem nutrient dynamics compared 
to smaller streams.  However, although assemblage excretion in smaller streams can 
match a higher percentage of nutrient uptake, excreted nutrients in this study represent 
nontrivial pools of ecosystem NH4-N or PO4-P.  For example PO4-P excretion in the 
Manistee was equivalent to 3.2 to 6.0% of uptake, depending on which estimation model 
was used.  Additionally, under conditions of high animal biomass and low ambient 
nutrient concentration, excretion can be equivalent to a significant proportion of uptake, 
as for NH4-N excretion in the North Platte, which was equivalent to 6.5 to 32.4% of 
uptake, depending on modeling approach.  Considering NH4-N is often a preferred N 
substrate for primary producers and bacteria (Rice & Tiedje 1989; Dortch, 1990), this 
pool could represent an important source of recycled N for river algae, macrophytes, and 
heterotrophic microbes. 
 Across all rivers, the families Hydropsychidae and Chironomidae consistently 
contributed notably to assemblage NH4-N and PO4-P excretion, highlighting their 
importance as potential sources of regenerated nutrients in large river ecosystems.  The 
finding that one or two taxa dominate assemblage excretion is similar to the results of 
Hall et al. (2003), in which a single taxon (the New Zealand Mudsnail, Potamopyrgus 
antipodarum) dominated NH4-N excretion and supplied 65% of NH4-N demand.  These 
results point to the need for future nutrient dynamic studies in large rivers to consider and 
account for excreted nutrient pools from dominant macroinvertebrate taxa.  Additionally, 
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considering the prevalence of larvae from the family Chironomidae across flowing water 
ecosystems of all sizes, future excretion studies aimed at understanding excretion’s role 
in large rivers would do well to focus on a system with high Chironomidae biomass.  
 It is interesting to note that when comparing water column phytoplankton nutrient 
limitation to the N:P ratio of excretion, the two rivers that exhibited signs of NH4-N-
limitation also had macroinvertebrate assemblages that excreted more NH4-N relative to 
PO4-P than in the other two rivers.  This result suggests that excreted nutrients may be an 
important pool of  recycled, limiting nutrients to phytoplankton in the water column, 
especially considering the aforementioned propensity for NH4-N as a substrate for 
primary producers.   Additional research, likely using both microcosm and stable isotope 
techniques, among others, will be needed to explore this concept in depth.  
 To assess the overall importance of macroinvertebrate assemblages to fluvial 
nutrient dynamics across ecosystems of different size, I compared the load of excreted 
NH4-N to the load of ambient NH4-N in all four rivers in this study, as well as three 
smaller stream ecosystems from previous invertebrate CNR studies.  While excreted 
NH4-N load was always equivalent to >100% of ambient NH4-N load in the three smaller 
ecosystems, only the North Platte had an excretion load equivalent to more than 10% of 
ambient load.  As with uptake (see above), and in accordance with Flecker et al. (2010), 
the river with the highest biomass and lowest ambient NH4-N concentration showed the 
highest signature in this analysis.  Excreted PO4-P loads from the rivers in this study were 
equivalent to an even lower percentage of ambient loads when compared to NH4-N, 
representing only 0.2 to 5.5% of ambient PO4-P load.  Together, these results suggest that 
macroinvertebrate assemblages play a more significant role in NH4-N dynamics as 
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compared to PO4-P, yet macroinvertebrates generally play a smaller role in ecosystem 
nutrient dynamics as opposed to those assemblages found in smaller systems. 
 As ecologists continue to examine the biotic factors that influence nutrient 
dynamics in large rivers ecosystems, future studies of CNR should focus on several areas.   
First, a full survey of riverine macroinvertebrate excretion rates should be conducted, 
since this information will help ecologists understand whether or not river assemblages 
excrete nutrients at different rates to taxonomically similar assemblages in smaller stream 
systems.  Second, the relationships between nutrient concentrations and ratios, basal 
resources, and macroinvertebrate nutrient content and excretion in large rivers should be 
examined more closely, as these results could help ecologists further understand the 
importance of diet and taxonomic position to CNR and its contribution to ecosystem 
nutrient dynamics.  Lastly, in order to appreciate the full contribution of CNR to large 
river nutrient dynamics, a complete empirical assessment of macroinvertebrate excretion, 
alongside a comprehensive nutrient analysis, should be conducted in a river with high 
macroinvertebrate biomass and low ambient nutrient concentrations.     
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Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
TIPPECANOE
Hydropsychidae* 121.94 27.35 0.251
Heptageniidae* 97.98 14.25 0.202
Caenidae 63.19 16.15 0.130
Chironomidae* 59.59 23.78 0.123
Leptohyphidae* 39.87 11.18 0.082
Elmidae 19.43 5.90 0.040
Hydroptilidae 19.06 7.34 0.039
Pteronarcyidae 11.91 7.04 0.025
Isonychiidae* 8.65 4.75 0.018
Polymitarcyidae 8.07 7.01 0.017
Empididae 7.00 3.32 0.014
Leptoceridae 5.43 2.17 0.011
Brachycentridae 3.28 1.55 0.007
Pyralidae 2.54 1.22 0.005
Baetidae* 2.47 0.75 0.005
Ephemeridae 2.33 1.61 0.005
Perlidae 1.94 1.65 0.004
Rhyacophilidae 1.73 1.49 0.004
Simuliidae 1.50 0.52 0.003
Atherceridae 1.34 0.77 0.003
Gomphidae 1.24 0.81 0.003
Ephemerellidae 0.89 0.72 0.002
Polycentropodidae 0.73 0.63 0.002
Helicopsychidae 0.59 0.22 0.001
Ceratopogonidae 0.33 0.27 0.001
Coenagrionoidae 0.02 0.01 0.000
Psephenidae 0.00 0.00 0.000
Total  483.05
MANISTEE
Chironomidae* 591.51 58.26 0.489
Brachycentridae 161.13 127.45 0.133
Hydropsychidae* 128.07 32.52 0.106
Gammaridae* 102.26 24.06 0.085
Elmidae 34.02 13.82 0.028
Tipulidae 29.69 9.96 0.025
Appendix A. Bootstrapped mean family biomass in the Tippecanoe, 
Manistee, North Platte, and Green rivers. Families for which 
empirical excretion was measured are labeled with an asterisk (*).
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Appendix A. Continued
Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
Heptageniidae* 28.42 9.10 0.024
Baetidae* 23.94 5.97 0.020
Tabanidae 18.87 9.73 0.016
Polycentropodidae 14.46 4.64 0.012
Ceratopogonidae 12.75 6.72 0.011
Corixidae 12.33 3.75 0.010
Psychomyiidae 12.11 2.70 0.010
Leptohyphidae* 11.42 6.79 0.009
Dytiscidae 5.58 4.82 0.005
Empididae 5.51 1.72 0.005
Glossosomatidae 4.25 1.11 0.004
Hydroptilidae 3.77 0.49 0.003
Helicopsychidae 3.35 1.37 0.003
Coenagrionoidae 3.03 1.73 0.003
Isonychiidae* 1.96 1.48 0.002
Philopotamidae 1.56 1.26 0.001
Leptoceridae 0.63 0.28 0.001
Calopterygidae 0.27 0.24 0.000
Caenidae 0.25 0.13 0.000
Simuliidae 0.21 0.13 0.000
Baetiscidae 0.16 0.10 0.000
Leptophlebiidae 0.14 0.07 0.000
Perlidae 0.12 0.11 0.000
Ephemeridae 0.10 0.09 0.000
Pyralidae 0.03 0.03 0.000
Ephemerellidae 0.01 0.01 0.000
Total 1211.95
NORTH PLATTE
Hydropsychidae* 1285.05 294.29 0.517
Leptohyphidae* 385.75 71.96 0.155
Polymitarcyidae 259.17 143.12 0.104
Baetidae* 190.77 38.95 0.077
Chironomidae* 180.03 49.11 0.072
Heptageniidae* 56.69 18.89 0.023
Simuliidae 37.49 15.37 0.015
Gomphidae 28.84 25.36 0.012
Hydroptilidae 23.88 7.95 0.010
Ephemerellidae 10.12 8.45 0.004
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Appendix A. Continued
Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
Glossosomatidae 10.04 5.29 0.004
Psychomyiidae 7.92 2.88 0.003
Leptoceridae 7.60 4.93 0.003
Sialidae 6.07 5.43 0.002
Ceratopogonidae 2.65 1.03 0.001
Elmidae 2.30 1.13 0.001
Empididae 0.75 0.63 0.000
Rhyacophilidae 0.47 0.42 0.000
Pyralidae 0.14 0.05 0.000
Total 2495.73
GREEN
Hydropsychidae* 113.78 53.30 0.498
Corydalidae 64.99 50.18 0.284
Chironomidae* 16.98 4.78 0.074
Elmidae 8.32 2.90 0.036
Baetidae* 6.64 2.85 0.029
Heptageniidae* 4.52 3.34 0.020
Leptophlebiidae 3.49 2.16 0.015
Coenagrionoidae 3.43 1.32 0.015
Pyralidae 2.18 0.93 0.010
Leptoceridae 1.67 1.08 0.007
Hydroptilidae 0.89 0.58 0.004
Empididae 0.70 0.22 0.003
Glossosomatidae 0.58 0.38 0.003
Leptohyphidae* 0.54 0.15 0.002
Total 228.70
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Family
Mean Density 
(individuals m‐2)
SD                 
(individuals m‐2)
TIPPECANOE
Chironomidae 801.5
Caenidae 700.7
Leptohyphidae 496.2
Heptageniidae 411.2
Hydropsychidae 303.2
Hydroptilidae 132.4
Leptoceridae 110.7
Elmidae 61.2
Ephemeridae 55.4
Empididae 29.8
Isonychiidae 28.4
Polymitarcyidae 19.2
Simuliidae 16.4
Baetidae 16.1
Helicopsychidae 13.2
Gomphidae 10.2
Brachycentridae 8.4
Atherceridae 6.3
Pyralidae 5.9
Polycentropodidae 5.2
Perlidae 2.6
Ceratopogonidae 2.5
Rhyacophilidae 1.3
Coenagrionidae 1.3
Ephemerellidae 1.3
Pteronarcyidae 0.4
Psephenidae 0.1
Total 3240.9 1039.3
MANISTEE
Chironomidae 7651.1
Gammaridae 336.9
Hydropsychidae 185.0
Tipulidae 161.1
Corixidae 128.7
Brachycentridae 113.8
Appendix C‐1. Bootstrapped mean family densities and 
standard deviation in the Tippecanoe, Manistee, North 
Platte, and Green rivers.
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Appendix C‐1. Continued.
Family
Mean Density 
(individuals m‐2)
SD                 
(individuals m‐2)
Coenagrionoidae 91.4
Baetidae 83.6
Elmidae 70.9
Empididae 61.0
Ceratopogonidae 55.3
Glossosomatidae 51.9
Heptageniidae 36.5
Psychomyiidae 34.0
Hydroptilidae 29.7
Polycentropodidae 18.4
Leptoceridae 12.1
Leptophlebiidae 10.1
Tabanidae 9.2
Baetiscidae 9.0
Simuliidae 5.7
Philopotamidae 4.0
Leptohyphidae 3.8
Helicopsychidae 3.4
Calopterygidae 1.9
Caenidae 1.4
Isonychiidae 1.1
Dytiscidae 0.7
Ephemeridae 0.7
Ephemerellidae 0.6
Pyralidae 0.4
Perlidae 0.4
Total 9173.9 1907.9
NORTH PLATTE
Chironomidae 4185.0
Baetidae 3444.4
Leptohyphidae 2385.0
Hydropsychidae 1944.8
Simuliidae 651.9
Hydroptilidae 306.0
Glossosomatidae 165.6
Heptageniidae 165.4
Polymitarcyidae 126.4
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Appendix C‐1. Continued.
Family
Mean Density 
(individuals m‐2)
SD                 
(individuals m‐2)
Psychomyiidae 82.3
Leptoceridae 69.4
Pyralidae 22.8
Empididae 22.2
Rhyacophilidae 18.6
Ceratopogonidae 18.3
Ephemerellidae 17.5
Elmidae 7.0
Gomphidae 4.4
Sialidae 3.7
Total 13640.6 4926.0
GREEN
Chironomidae 1193.0
Hydropsychidae 555.8
Elmidae 183.7
Baetidae 167.4
Coenagrionoidae 116.3
Leptohyphidae 76.7
Hydroptilidae 46.5
Pyralidae 39.5
Empididae 32.6
Leptoceridae 16.3
Glossosomatidae 11.6
Heptageniidae 7.0
Leptophlebiidae 7.0
Corydalidae 4.7
Total 2458.1 1340.6
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Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
TIPPECANOE
Hydropsychidae 121.94 27.35 0.251
Heptageniidae 97.98 14.25 0.202
Caenidae 63.19 16.15 0.130
Chironomidae 59.59 23.78 0.123
Leptohyphidae 39.87 11.18 0.082
Elmidae 19.43 5.90 0.040
Hydroptilidae 19.06 7.34 0.039
Pteronarcyidae 11.91 7.04 0.025
Isonychiidae 8.65 4.75 0.018
Polymitarcyidae 8.07 7.01 0.017
Empididae 7.00 3.32 0.014
Leptoceridae 5.43 2.17 0.011
Brachycentridae 3.28 1.55 0.007
Pyralidae 2.54 1.22 0.005
Baetidae 2.47 0.75 0.005
Ephemeridae 2.33 1.61 0.005
Perlidae 1.94 1.65 0.004
Rhyacophilidae 1.73 1.49 0.004
Simuliidae 1.50 0.52 0.003
Atherceridae 1.34 0.77 0.003
Gomphidae 1.24 0.81 0.003
Ephemerellidae 0.89 0.72 0.002
Polycentropodidae 0.73 0.63 0.002
Helicopsychidae 0.59 0.22 0.001
Ceratopogonidae 0.33 0.27 0.001
Coenagrionoidae 0.02 0.01 0.000
Psephenidae 0.00 0.00 0.000
Total  483.05
MANISTEE
Chironomidae 591.51 58.26 0.489
Brachycentridae 161.13 127.45 0.133
Hydropsychidae 128.07 32.52 0.106
Gammaridae 102.26 24.06 0.085
Elmidae 34.02 13.82 0.028
Tipulidae 29.69 9.96 0.025
Heptageniidae 28.42 9.10 0.024
Appendix C‐2. Bootstrapped mean family biomass and standard 
deviations in the Tippecanoe, Manistee, North Platte, and Green 
rivers.
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Appendix C‐2. Continued
Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
Baetidae 23.94 5.97 0.020
Tabanidae 18.87 9.73 0.016
Polycentropodidae 14.46 4.64 0.012
Ceratopogonidae 12.75 6.72 0.011
Corixidae 12.33 3.75 0.010
Psychomyiidae 12.11 2.70 0.010
Leptohyphidae 11.42 6.79 0.009
Dytiscidae 5.58 4.82 0.005
Empididae 5.51 1.72 0.005
Glossosomatidae 4.25 1.11 0.004
Hydroptilidae 3.77 0.49 0.003
Helicopsychidae 3.35 1.37 0.003
Coenagrionoidae 3.03 1.73 0.003
Isonychiidae 1.96 1.48 0.002
Philopotamidae 1.56 1.26 0.001
Leptoceridae 0.63 0.28 0.001
Calopterygidae 0.27 0.24 0.000
Caenidae 0.25 0.13 0.000
Simuliidae 0.21 0.13 0.000
Baetiscidae 0.16 0.10 0.000
Leptophlebiidae 0.14 0.07 0.000
Perlidae 0.12 0.11 0.000
Ephemeridae 0.10 0.09 0.000
Pyralidae 0.03 0.03 0.000
Ephemerellidae 0.01 0.01 0.000
Total 1211.95
NORTH PLATTE
Hydropsychidae 1285.05 294.29 0.517
Leptohyphidae 385.75 71.96 0.155
Polymitarcyidae 259.17 143.12 0.104
Baetidae 190.77 38.95 0.077
Chironomidae 180.03 49.11 0.072
Heptageniidae 56.69 18.89 0.023
Simuliidae 37.49 15.37 0.015
Gomphidae 28.84 25.36 0.012
Hydroptilidae 23.88 7.95 0.010
Ephemerellidae 10.12 8.45 0.004
Glossosomatidae 10.04 5.29 0.004
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Appendix C‐2. Continued
Family
Mean Biomass 
(mg DM m‐2)
SD Biomass 
(mg DM m‐2)
Proportion of 
Total Biomass
Psychomyiidae 7.92 2.88 0.003
Leptoceridae 7.60 4.93 0.003
Sialidae 6.07 5.43 0.002
Ceratopogonidae 2.65 1.03 0.001
Elmidae 2.30 1.13 0.001
Empididae 0.75 0.63 0.000
Rhyacophilidae 0.47 0.42 0.000
Pyralidae 0.14 0.05 0.000
Total 2495.73
GREEN
Hydropsychidae 113.78 53.30 0.498
Corydalidae 64.99 50.18 0.284
Chironomidae 16.98 4.78 0.074
Elmidae 8.32 2.90 0.036
Baetidae 6.64 2.85 0.029
Heptageniidae 4.52 3.34 0.020
Leptophlebiidae 3.49 2.16 0.015
Coenagrionoidae 3.43 1.32 0.015
Pyralidae 2.18 0.93 0.010
Leptoceridae 1.67 1.08 0.007
Hydroptilidae 0.89 0.58 0.004
Empididae 0.70 0.22 0.003
Glossosomatidae 0.58 0.38 0.003
Leptohyphidae 0.54 0.15 0.002
Total 228.70
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Family EN SD EP SD N:P n
Hydropsychidae 0.455 0.061 0.194 0.029 2.35 12
Baetidae 0.188 0.090 0.082 0.048 2.28 4
Gammaridae 0.484 0.101 0.012 0.003 40.51 3
Isonychiidae 0.686 0.284 0.118 0.055 5.83 2
Leptohyphidae 0.965 0.404 0.239 0.075 4.04 3
Chironomidae 0.164 0.009 0.040 0.011 4.12 2
Heptageniidae 0.288 0.187 0.074 0.005 3.87 2
Appendix D. Bootstrapped average emperical excretion rates for NH4‐N (EN) and 
PO4‐P (EP) with standard deviation (SD) and number of replicates (n). Also 
presented are excretion N:P ratios by mass. 
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Appendix E‐1. Excreted N (µg N m2 hr‐1) for each family for each estimation approach.
River Family
Model 
N
Proportion 
of Total
Literature 
N
Proportion 
of Total
Combo 
N
Proportion 
of Total
Tippecanoe Atherceridae 0.13 0.003 0.10 0.002 0.14 0.001
Tippecanoe Baetidae 0.27 0.005 0.26 0.005 0.46 0.003
Tippecanoe Brachycentridae 0.39 0.008 0.21 0.004 1.35 0.008
Tippecanoe Caenidae 7.69 0.154 6.66 0.117 7.70 0.048
Tippecanoe Ceratopogonidae 0.04 0.001 0.02 0.000 0.04 0.000
Tippecanoe Chironomidae 7.33 0.147 6.02 0.106 9.39 0.058
Tippecanoe Coenagrionidae 0.00 0.000 0.00 0.000 0.00 0.000
Tippecanoe Elmidae 1.83 0.037 2.04 0.036 1.82 0.011
Tippecanoe Empididae 0.72 0.014 0.49 0.009 0.73 0.004
Tippecanoe Ephemerellidae 0.08 0.002 0.09 0.002 0.08 0.001
Tippecanoe Ephemeridae 0.31 0.006 0.25 0.004 0.31 0.002
Tippecanoe Gomphidae 0.14 0.003 0.09 0.002 0.14 0.001
Tippecanoe Helicopsychidae 0.07 0.001 0.10 0.002 0.07 0.000
Tippecanoe Heptageniidae 9.48 0.190 17.13 0.302 28.20 0.174
Tippecanoe Hydropsychidae 11.25 0.225 13.88 0.245 55.66 0.343
Tippecanoe Hydroptilidae 2.13 0.043 2.13 0.038 2.14 0.013
Tippecanoe Isonychiidae 0.76 0.015 0.97 0.017 5.82 0.036
Tippecanoe Leptoceridae 0.54 0.011 0.23 0.004 0.54 0.003
Tippecanoe Leptohyphidae 4.66 0.093 4.21 0.074 45.36 0.280
Tippecanoe Perlidae 0.16 0.003 0.14 0.002 0.16 0.001
Tippecanoe Polycentropodidae 0.08 0.002 0.05 0.001 0.08 0.001
Tippecanoe Polymitarcyidae 0.63 0.013 0.90 0.016 0.63 0.004
Tippecanoe Psephenidae 0.00 0.000 0.00 0.000 0.00 0.000
Tippecanoe Pteronarcyidae 0.62 0.012 0.04 0.001 0.63 0.004
Tippecanoe Pyralidae 0.24 0.005 0.45 0.008 0.25 0.002
Tippecanoe Ryacophilidae 0.14 0.003 0.12 0.002 0.15 0.001
Tippecanoe Simuliidae 0.18 0.004 0.17 0.003 0.18 0.001
Manistee Baetidae 2.39 0.019 2.52 0.020 4.50 0.015
Manistee Baetiscidae 0.02 0.000 0.02 0.000 0.02 0.000
Manistee Brachycentridae 13.18 0.102 18.22 0.142 51.22 0.174
Manistee Caenidae 0.03 0.000 0.03 0.000 0.03 0.000
Manistee Calopterygidae 0.03 0.000 0.02 0.000 0.03 0.000
Manistee Ceratopogonidae 1.34 0.010 0.90 0.007 1.34 0.005
Manistee Chironomidae 73.72 0.573 60.83 0.474 95.25 0.324
Manistee Coenagrionidae 0.40 0.003 0.21 0.002 0.41 0.001
Manistee Corixidae 1.47 0.011 0.86 0.007 1.46 0.005
Manistee Dytiscidae 0.36 0.003 0.39 0.003 0.36 0.001
Manistee Elmidae 2.98 0.023 3.79 0.030 2.99 0.010
Manistee Empididae 0.68 0.005 0.38 0.003 0.68 0.002
Manistee Ephemerellidae 0.00 0.000 0.00 0.000 0.00 0.000
59 
 
 
 
  
Appendix E‐1. Continued.
River Family
Model 
N
Proportion 
of Total
Literature 
N
Proportion 
of Total
Combo 
N
Proportion 
of Total
Manistee Ephemeridae 0.01 0.000 0.01 0.000 0.01 0.000
Manistee Gammaridae 9.80 0.076 10.69 0.083 49.20 0.167
Manistee Glossosomatidae 0.51 0.004 0.75 0.006 0.51 0.002
Manistee Helicopsychidae 0.29 0.002 0.59 0.005 0.29 0.001
Manistee Heptageniidae 2.34 0.018 4.85 0.038 7.93 0.027
Manistee Hydropsychidae 10.63 0.083 14.48 0.113 58.07 0.197
Manistee Hydroptilidae 0.42 0.003 0.44 0.003 0.42 0.001
Manistee Isonychiidae 0.15 0.001 0.22 0.002 1.33 0.005
Manistee Leptoceridae 0.08 0.001 0.06 0.000 0.08 0.000
Manistee Leptohyphidae 0.81 0.006 1.20 0.009 11.12 0.038
Manistee Leptophlebiidae 0.02 0.000 0.02 0.000 0.02 0.000
Manistee Perlidae 0.01 0.000 0.01 0.000 0.01 0.000
Manistee Philopotamidae 0.15 0.001 0.17 0.001 0.15 0.001
Manistee Polycentropodidae 1.18 0.009 1.08 0.008 1.18 0.004
Manistee Psychomyiidae 1.17 0.009 1.27 0.010 1.18 0.004
Manistee Pyralidae 0.00 0.000 0.01 0.000 0.00 0.000
Manistee Simuliidae 0.03 0.000 0.02 0.000 0.03 0.000
Manistee Tabanidae 1.42 0.011 1.32 0.010 1.42 0.005
Manistee Tipulidae 3.11 0.024 3.12 0.024 3.11 0.011
North Platte Baetidae 22.17 0.104 19.59 0.071 34.98 0.033
North Platte Ceratopogonidae 0.28 0.001 0.28 0.001 0.28 0.000
North Platte Chironomidae 22.25 0.104 18.86 0.069 29.43 0.028
North Platte Elmidae 0.12 0.001 0.14 0.001 0.12 0.000
North Platte Empididae 0.10 0.000 0.05 0.000 0.10 0.000
North Platte Ephemerellidae 0.86 0.004 1.00 0.004 0.85 0.001
North Platte Glossosomatidae 1.17 0.005 1.73 0.006 1.16 0.001
North Platte Gomphidae 0.05 0.000 0.03 0.000 0.05 0.000
North Platte Heptageniidae 4.78 0.022 9.47 0.034 15.53 0.015
North Platte Hydropsychidae 97.66 0.456 145.91 0.530 585.28 0.549
North Platte Hydroptilidae 2.62 0.012 4.20 0.015 2.62 0.002
North Platte Leptoceridae 0.73 0.003 0.53 0.002 0.74 0.001
North Platte Leptohyphidae 37.21 0.174 40.53 0.147 370.97 0.348
North Platte Polymitarcyidae 18.04 0.084 27.21 0.099 17.89 0.017
North Platte Psychomyiidae 0.88 0.004 0.83 0.003 0.88 0.001
North Platte Pyralidae 0.03 0.000 0.03 0.000 0.03 0.000
North Platte Ryacophilidae 0.06 0.000 0.03 0.000 0.06 0.000
North Platte Sialidae 0.45 0.002 0.42 0.002 0.46 0.000
North Platte Simuliidae 4.48 0.021 4.23 0.015 4.44 0.004
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Appendix E‐1. Continued.
River Family
Model 
N
Proportion 
of Total
Literature 
N
Proportion 
of Total
Combo 
N
Proportion 
of Total
Green Baetidae 0.75 0.040 0.70 0.031 1.26 0.020
Green Chironomidae 2.17 0.115 1.56 0.069 2.44 0.038
Green Coenagrionidae 0.39 0.021 0.24 0.011 0.39 0.006
Green Corydalidae 3.09 0.164 4.42 0.194 3.11 0.049
Green Elmidae 0.91 0.049 0.86 0.038 0.91 0.014
Green Empididae 0.09 0.005 0.05 0.002 0.09 0.001
Green Glossosomatidae 0.07 0.004 0.10 0.005 0.07 0.001
Green Heptageniidae 0.32 0.017 0.77 0.034 1.29 0.020
Green Hydropsychidae 10.16 0.540 12.95 0.569 52.78 0.829
Green Hydroptilidae 0.11 0.006 0.10 0.005 0.11 0.002
Green Leptoceridae 0.15 0.008 0.12 0.005 0.15 0.002
Green Leptohyphidae 0.07 0.004 0.12 0.005 0.52 0.008
Green Leptophlebiidae 0.29 0.015 0.37 0.016 0.29 0.004
Green Pyralidae 0.22 0.012 0.38 0.017 0.23 0.004
61 
 
 
 
 
River Family
Model 
P
Proportion 
of Total
Literature 
P
Proportion 
of Total
Combo 
P
Proportion 
of Total
Tippecanoe Atherceridae 0.03 0.001 0.04 0.001 0.03 0.001
Tippecanoe Baetidae 0.04 0.002 0.12 0.003 0.20 0.004
Tippecanoe Brachycentridae 0.33 0.014 0.33 0.008 0.18 0.004
Tippecanoe Caenidae 1.05 0.045 3.09 0.080 1.05 0.022
Tippecanoe Ceratopogonidae 0.01 0.000 0.01 0.000 0.01 0.000
Tippecanoe Chironomidae 1.06 0.045 2.81 0.073 2.28 0.047
Tippecanoe Coenagrionidae 0.00 0.000 0.00 0.000 0.00 0.000
Tippecanoe Elmidae 0.25 0.011 0.95 0.025 0.25 0.005
Tippecanoe Empididae 0.16 0.007 0.22 0.006 0.17 0.003
Tippecanoe Ephemerellidae 0.01 0.000 0.04 0.001 0.01 0.000
Tippecanoe Ephemeridae 0.04 0.002 0.12 0.003 0.04 0.001
Tippecanoe Gomphidae 0.03 0.001 0.04 0.001 0.03 0.001
Tippecanoe Helicopsychidae 0.01 0.000 0.03 0.001 0.01 0.000
Tippecanoe Heptageniidae 0.98 0.042 4.50 0.117 7.23 0.148
Tippecanoe Hydropsychidae 16.46 0.706 21.51 0.558 23.86 0.490
Tippecanoe Hydroptilidae 0.22 0.010 0.22 0.006 0.22 0.005
Tippecanoe Isonychiidae 1.12 0.048 1.50 0.039 1.01 0.021
Tippecanoe Leptoceridae 0.16 0.007 0.11 0.003 0.16 0.003
Tippecanoe Leptohyphidae 0.64 0.027 1.95 0.051 11.22 0.230
Tippecanoe Perlidae 0.04 0.002 0.06 0.002 0.04 0.001
Tippecanoe Polycentropodidae 0.02 0.001 0.02 0.001 0.02 0.000
Tippecanoe Polymitarcyidae 0.09 0.004 0.42 0.011 0.09 0.002
Tippecanoe Psephenidae 0.00 0.000 0.00 0.000 0.00 0.000
Tippecanoe Pteronarcyidae 0.27 0.011 0.04 0.001 0.27 0.006
Tippecanoe Pyralidae 0.03 0.001 0.12 0.003 0.03 0.001
Tippecanoe Ryacophilidae 0.03 0.001 0.05 0.001 0.03 0.001
Tippecanoe Simuliidae 0.26 0.011 0.26 0.007 0.26 0.005
Manistee Baetidae 0.32 0.006 1.17 0.012 1.97 0.030
Manistee Baetiscidae 0.00 0.000 0.02 0.000 0.00 0.000
Manistee Brachycentridae 18.91 0.377 27.85 0.293 6.68 0.101
Manistee Caenidae 0.00 0.000 0.01 0.000 0.00 0.000
Manistee Calopterygidae 0.01 0.000 0.01 0.000 0.01 0.000
Manistee Ceratopogonidae 0.31 0.006 0.40 0.004 0.31 0.005
Manistee Chironomidae 10.35 0.207 28.38 0.299 23.18 0.351
Manistee Coenagrionidae 0.09 0.002 0.09 0.001 0.09 0.001
Manistee Corixidae 0.34 0.007 1.45 0.015 0.33 0.005
Manistee Dytiscidae 0.08 0.002 0.17 0.002 0.08 0.001
Manistee Elmidae 0.40 0.008 1.65 0.017 0.40 0.006
Manistee Empididae 0.15 0.003 0.17 0.002 0.16 0.002
Manistee Ephemerellidae 0.00 0.000 0.00 0.000 0.00 0.000
Manistee Ephemeridae 0.00 0.000 0.01 0.000 0.00 0.000
Manistee Gammaridae 1.33 0.027 4.99 0.053 1.22 0.018
Appendix E‐2. Excreted P (µg P m2 hr‐1) for each family for each estimation approach.
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River Family
Model 
P
Proportion 
of Total
Literature 
P
Proportion 
of Total
Combo 
P
Proportion 
of Total
Manistee Glossosomatidae 0.05 0.001 0.20 0.002 0.05 0.001
Manistee Helicopsychidae 0.03 0.001 0.15 0.002 0.03 0.000
Manistee Heptageniidae 0.24 0.005 1.27 0.013 2.04 0.031
Manistee Hydropsychidae 15.44 0.308 22.37 0.236 24.84 0.376
Manistee Hydroptilidae 0.04 0.001 0.06 0.001 0.04 0.001
Manistee Isonychiidae 0.21 0.004 0.34 0.004 0.23 0.004
Manistee Leptoceridae 0.01 0.000 0.03 0.000 0.01 0.000
Manistee Leptohyphidae 0.11 0.002 0.56 0.006 2.73 0.041
Manistee Leptophlebiidae 0.00 0.000 0.01 0.000 0.00 0.000
Manistee Perlidae 0.02 0.000 0.00 0.000 0.02 0.000
Manistee Philopotamidae 0.22 0.004 0.27 0.003 0.22 0.003
Manistee Polycentropodidae 0.47 0.009 0.68 0.007 0.47 0.007
Manistee Psychomyiidae 0.16 0.003 0.59 0.006 0.16 0.002
Manistee Pyralidae 0.00 0.000 0.00 0.000 0.00 0.000
Manistee Simuliidae 0.04 0.001 0.04 0.000 0.04 0.001
Manistee Tabanidae 0.33 0.007 0.59 0.006 0.33 0.005
Manistee Tipulidae 0.42 0.008 1.46 0.015 0.42 0.006
North Platte Baetidae 3.01 0.018 9.06 0.032 15.23 0.040
North Platte Ceratopogonidae 0.04 0.000 0.13 0.000 0.04 0.000
North Platte Chironomidae 3.03 0.018 8.79 0.031 7.15 0.019
North Platte Elmidae 0.02 0.000 0.06 0.000 0.02 0.000
North Platte Empididae 0.02 0.000 0.02 0.000 0.02 0.000
North Platte Ephemerellidae 0.12 0.001 0.47 0.002 0.12 0.000
North Platte Glossosomatidae 0.12 0.001 0.46 0.002 0.12 0.000
North Platte Gomphidae 0.01 0.000 0.01 0.000 0.01 0.000
North Platte Heptageniidae 0.50 0.003 2.49 0.009 3.99 0.011
North Platte Hydropsychidae 142.35 0.868 225.58 0.786 250.12 0.661
North Platte Hydroptilidae 0.27 0.002 1.10 0.004 0.27 0.001
North Platte Leptoceridae 0.17 0.001 0.23 0.001 0.17 0.000
North Platte Leptohyphidae 5.05 0.031 18.88 0.066 92.06 0.243
North Platte Polymitarcyidae 2.45 0.015 12.60 0.044 2.46 0.007
North Platte Psychomyiidae 0.12 0.001 0.39 0.001 0.12 0.000
North Platte Pyralidae 0.00 0.000 0.01 0.000 0.00 0.000
North Platte Ryacophilidae 0.01 0.000 0.01 0.000 0.01 0.000
North Platte Sialidae 0.10 0.001 0.19 0.001 0.10 0.000
North Platte Simuliidae 6.52 0.040 6.54 0.023 6.49 0.017
Green Baetidae 0.10 0.006 0.33 0.013 0.55 0.022
Green Chironomidae 0.36 0.022 0.71 0.029 0.59 0.024
Green Coenagrionidae 0.09 0.006 0.11 0.004 0.09 0.004
Appendix E‐2. Continued.
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River Family
Model 
P
Proportion 
of Total
Literature 
P
Proportion 
of Total
Combo 
P
Proportion 
of Total
Green Corydalidae 0.71 0.044 1.99 0.082 0.71 0.028
Green Elmidae 0.12 0.008 0.41 0.017 0.12 0.005
Green Empididae 0.02 0.001 0.02 0.001 0.02 0.001
Green Glossosomatidae 0.01 0.000 0.03 0.001 0.01 0.000
Green Heptageniidae 0.03 0.002 0.21 0.008 0.33 0.013
Green Hydropsychidae 14.66 0.903 20.12 0.826 22.32 0.893
Green Hydroptilidae 0.01 0.001 0.10 0.004 0.01 0.001
Green Leptoceridae 0.04 0.002 0.05 0.002 0.04 0.001
Green Leptohyphidae 0.01 0.001 0.03 0.001 0.13 0.005
Green Leptophlebiidae 0.04 0.002 0.17 0.007 0.04 0.002
Green Pyralidae 0.02 0.001 0.10 0.004 0.02 0.001
Appendix E‐2. Continued.
